Polyfructans are synthesized from sucrose by plants (mostly inulin) and by both Gram-negative and Gram-positive bacteria (mostly levan). In the phylum Actinobacteria only levan synthesis by Actinomyces species has been reported. We have identified a putative fructansucrase gene (hugO) in Streptomyces viridochromogenes DSM40736 (Tü494). HugO was heterologously expressed and biochemically characterized. HPSEC-MALLS and 2D-1 H-13 C nuclear magnetic resonance (NMR) spectroscopy analysis showed that the fructan polymer produced in vitro has an Molecular Weight of 2.5*10 7 Da and is an inulin that is mainly composed of (b2-1)-linked fructose units. This is the first report of a fructansucrase from Streptomyces and an inulosucrase from Actinobacteria. Database searches showed that fructansucrases clearly occur more widely in streptomycetes. Analysis of the active site of HugO and other actinobacterial Gram-positive fructansucrases revealed that their +1 substrate-binding sites are conserved, but are most similar to those in Gram-negative fructansucrases. HugO also resembles Gram-negative fructansucrases in not requiring calcium ions for activity. The origin and properties of HugO and other actinobacterial fructansucrases thus clearly differ from those of previously characterized Gram-positive fructansucrases.
INTRODUCTION
Streptomycetes are Gram-positive, G+C-rich soil bacteria with a complex life cycle that switches between mycelial growth and sporulation. They are an abundant source of anti-infective agents and other secondary metabolites, and consequently the genus has been researched extensively. In the mycelial growth phase streptomycetes are mainly saprophytic organisms and can utilize a multitude of different available substrates for growth by secreting extracellular enzymes [1] . Plant-derived polysaccharides such as cellulose [2] , xylan [3] , starch [4] or inulin are known to be degraded by Streptomyces species. Growth on inulin has been reported for Streptomyces turgidiscabies, and Streptomyces sp. MTCC-3119 has been used to create an inulinase enzyme production platform [5, 6] .
Inulin is a fructan homopolymer consisting of D-fructose moieties connected by (b2-1) glycosidic linkages that can be produced by plants and a few Gram-positive bacteria, either as a polymer or as oligosaccharides (FOS) with various degrees of polymerization (DP <9) [7, 8] . Levan is a fructan that is mostly synthesized by both Gram-positive and Gram-negative bacteria and is composed of (b2-6) glycosidic residues [7, 9] . Bacterial fructans are produced from sucrose by fructansucrase or fructosyltransferase (Ftf) enzymes. Ftfs belong to the glycoside hydrolase family GH68 (www.CAZy.org) and produce either inulin (inulosucrases) or levan (levansucrases) [10] . In Gram-positive bacteria, GH68 enzymes generally consist of (i) a signal peptide for secretion, (ii) an N-terminal variable domain of unknown function, (iii) the core region containing all of the residues for catalysis and (iv) a C-terminal domain [10] . The structure of the core domain is reported to be a globular, five-bladed b-propeller enfolding a funnel-like cavity [11] [12] [13] . The catalytic triad consists of a catalytic nucleophile [11] , a transition state stabilizer [14] and a general acid/base [15] . A retaining ping-pong mechanism for fructan synthesis was first proposed for SacB from Bacillus subtilis [16] . This mechanism was refined by Ozimek et al. concerning differences in processive and non-processive Ftfs of Lactobacillus reuteri [17] . In the active centre, sucrose is first bound in the substrate-binding subsites À1 and +1 with the fructose in subsite À1. Whereas subsite À1 is conserved, subsite +1 is reported to show variation between Gram-positive and Gram-negative bacteria [10] . Subsequently, the bound sucrose is cleaved and the glucose is released. The fructose moiety is considered to form a covalent bond with the nucleophile of the enzyme [11] and is then further transferred to either water (hydrolysis) or a growing fructan chain, or to another acceptor molecule (transglycosylation) [16, 17] .
Bacterial inulosucrases have only been described for a few firmicutes, from lactic acid bacteria such as Lactobacillus reuteri, Streptococcus oralis and Leuconostoc citreum, and for a single enzyme from Bacillus sp. 217 C-11 [10, 18, 19] . Levansucrases, on the other hand, occur much more widely and have been described for both Gram-negative and Gram-positive bacteria, e.g. Pseudomonas, Zymomonas or Rahnella species, and Lactobacillus, Bacillus or Actinomyces species, respectively [9, 20] .
When screening the CAZy database for novel Ftf enzymes we found a putative fructansucrase annotated in the genome of the plant pathogen Streptomyces scabiei 87.22 (CBG69007.1). Sucrose consumption is considered to be rare in streptomycetes [21] , and because we were intrigued by this finding we searched the NCBI database using this protein sequence as a BLAST query [22] . We found various other putative ftf genes encoded in Streptomyces strains, including other S. scabiei strains, S. roseochromogenus subsp. oscitans DS12.976, S. olindensis and S. viridochromogenes DSM40736. Some (6 out of 21) of these streptomycetes are known as plant pathogens. We characterized the Ftf (HugO) enzyme from S. viridochromogenes DSM40736, the producer strain of the commercial herbicide phosphinotricin tripeptide (PTT) [23] . Our data show that HugO is in fact an inulosucrase that mostly produces fructooligosaccharides (FOS) from sucrose and smaller amounts of a high-molecular-mass polymer. Here we report the characteristics of the first non-firmicutal inulosucrase enzyme and its products.
METHODS

Strains, media and culture conditions
The strains used in this study are listed in Table 1 . S. viridochromogenes DSM40736 spores and genomic DNA were a kind gift from Professor Wolfgang Wohlleben and Dr Yvonne Mast, Microbiology/Biotechnology, University of Tübingen, Germany. For spore collection the strain was streaked out on soy mannitol agar (SFM) [21] and grown at 30 C for approximately 5 days. Liquid cultures were grown in Difco nutrient broth (DNB) at 30 C with shaking at 220 r.p.m.
The Escherichia coli strains XL1-Blue and NiCo21(DE3) were used for DNA manipulation and protein expression, respectively. Generally, E. coli was cultured in Luria Broth (LB) or on LB agar (Carl-Roth GmbH, Germany) supplemented with 100 µg ml À1 ampicillin at 37 C, unless otherwise indicated. Liquid cultures were incubated under shaking at 220 r.p.m.
Bioinformatics analysis
Sequences of characterized GH68 enzymes (http://www. cazy.org/GH68_characterized.html) and GH68 enzymes of interest were chosen from the CAZy database http://www. cazy.org/GH68_bacteria.html and downloaded from NCBI into one file in the FASTA format. Identical and therefore redundant sequences were removed from the selection. The sequences were used to construct a phylogenetic tree using Phylogeny 'one click' (http://www.phylogeny.fr/simple_ phylogeny.cgi) [24, 25] . Conserved domains were identified using www.pfam.org and signal peptides were identified with the SignalP 4.1 server (http://www.cbs.dtu.dk/services/ SignalP/) [26] Alignment of GH68 enzymes for the comparison of conserved residues in the active centre was performed with TCoffee (http://tcoffee.crg.cat/apps/tcoffee/index.html) [27] and analysed in Jalview [28] .
In vivo product formation S. viridochromogenes DSM40736 and S. coelicolor M145 cultures were inoculated with spores in 50 ml DNBmedium with and without 300 mM sucrose to an initial OD 450 of 0.04. Cultures were grown for 14 days and 0.5 ml samples were taken every 24 h for days 1-7 and on day 14. Samples were stored at À20 C until all of the time points had been collected and used for substrate/product analysis by TLC and HPAEC-PAD analysis (see below).
DNA isolation, gene amplification and construction of hugO-expression constructs General E. coli procedures, DNA electrophoresis, preparation of competent cells and transformation were performed as described in [29] . Phusion high-fidelity polymerase, fastdigest restriction enzymes and T4 ligase were purchased from Thermo Scientific.
The plasmid DNA for restriction analysis was isolated by isopropanol precipitation [30] , while the plasmid DNA for sequencing was isolated using the Sigma-Aldrich GenElute HP plasmid miniprep kit following the manufacturer's instructions. The elution of DNA from agarose gels was performed with GE Healthcare GFX PCR DNA and the Gel Band purification kit. Table 2 ). The PCR products were eluted from agarose gels and ligated into vector pJET1.2 blunt (Table 2) (Thermo Scientific) according to the manufacturer's instructions. The pJET1.2 clones were isolated from E. coli, tested by restriction with NdeI and BglII, and sequenced at GATC (Konstanz, Germany). Inserts were excised from pJET1.2 with NdeI/BglII. The pET15b vector (Novagen) was linearized with NdeI and BamHI. The insert and vector were co-eluted from agarose gels and ligated at 4 C overnight. The pET15b clones were tested for correct insertion by restriction analysis with NcoI/EcoRV.
Expression and purification of fructansucrase HugO
The pET15b hugO construct was transferred to E. coli NiCo21(DE3) CaCl 2 -competent cells. Three randomly selected clones were each inoculated in 5 ml LB broth amp100 and grown for 5 h. The main expression cultures consisted of 400 ml LB broth amp100 (supplemented with 4 ml of 1 M MgSO 4 and 3.5 ml of 60 % glycerol) inoculated with 1 % preculture and grown at 37 C until OD 600~0 .5. Cultures were induced with 0.1 mM IPTG and cooled in a shaker to 14 C for about 30 min. The induced cultures were grown at 14 C and 220 r.p.m. for 48 h. Cells were harvested by centrifugation for 15 min at 4.200 g and 4 C. Cell lysis was performed using B-PER solution (Thermo Scientific) following the manufacturer's recommendations, including one freeze-thaw cycle. The purification (binding, washing and elution) of HugO protein was performed using an Ni-NTA matrix [31] .
The elution fractions were combined into 15 ml tubes with 450 µl buffer-equilibrated chitin beads (NEB) per ml elution fraction and incubated overnight at 4 C under continuous rolling. The chitin beads were removed by centrifugation at 4.400 g for 1 min at 4 C and the supernatant transferred to a fresh tube [32] . the HugO protein concentrations (Table S1 , available in the online Supplementary Material) were determined by measuring the absorbance at 280 nm five times against the elution buffer and calculating the average.
SDS-PAGE
SDS-PAGE and gel staining was performed as previously described using Biorad Mini Protean equipment with homemade 10 % polyacrylamide gels [33] . Fairbanks A staining and de-staining was performed as described elsewhere, and documented with a Biorad Chemidoc MP [34] .
Determination of optimal reaction conditions
Optimal reaction conditions were determined by measuring the enzyme activity (initial rates) with sucrose by following glucose release with the D-glucose assay kit (GOPOD Format, Megazyme). Determination of the optimal pH was carried out at 37 C for 40 min. The reactions contained 100 mM sucrose, 1 mM CaCl 2 and 50 mM MMT buffer (PACT Buffer protocols, Qiagen) at pH 4.0-9.0 in 0.5 increments.
The optimal temperature was determined in increments of 5 C with 100 mM sucrose, 1 mM CaCl 2 and 50 mM MMT buffer (pH 6.0). The reaction mixtures were pre-warmed to the reaction temperature for >5 min and started by the addition of 20 µg of enzyme. To measure the inhibition of the enzyme by EDTA, the enzyme was pre-incubated with 1-3 mM CaCl 2 and 50 mM MMT buffer (pH 6.0) with or without the addition of 2 mM EDTA at 45 C for about 5 min, and then the reaction was started by the addition of sucrose to a final concentration of 100 mM.
After starting the reaction, 100 µl samples were taken every 5 min over a time course of 40 min and mixed with 20 µl 1 M NaOH to stop the enzyme reaction for 20 min at room temperature. Subsequently, 195 µl GOPOD solution (Megazyme) was mixed with 5 µl sample and incubated for 30 min at 37 C. Absorbance was measured at 510 nm. The three HugO enzyme preparations from different clones were tested in parallel to give one triplicate. The total and hydrolytic activities were determined by hexokinase assay as previously described [35, 36] . Transfructosylation activity was calculated by substracting the free fructose (hydrolysis activity) from the free glucose (total activity). One unit of total activity is defined as the synthesis of 1 µmol of glucose per min in a reaction containing 100 mM sucrose, pH 6.0, at 45 C.
Product analysis
For product analysis, 50 ml reactions were performed with each of the three HugO enzyme preparations using 100 mM sucrose, 50 mM MMT buffer (pH 6.0), 1 mM CaCl 2 and 0.15 units/ml enzyme, incubated for 18 h at 45 C. These reaction mixtures were used for TLC-and HPAEC-PADanalysis, purification of oligosaccharides for H/C nuclear magnetic resonance (NMR) analysis and purification of polymer for 2D 13 C and 1 H NMR spectroscopy analysis.
TLC TLC-analysis was performed as in Gangoiti et al. [37] , with one exception: the plates were developed with a urea staining specific for fructose and fructans [38] .
High-pH anion exchange chromatography with pulsed amperometric detection (HPAEC-PAD) 1 : 100 dilutions of the reaction mixtures were run on an ICS3000 (Thermo Scientific) equipped with an ICS3000 amperometric detection cell and a CarboPac PA-1 column (4Â250 mm; Thermo Scientific) run at 1.0 ml min
À1
. The gradient was 30-300 mM NaOAc in 100 mM NaOH over 30 min, followed by a wash phase and a re-equilibration phase. Solutions of 1 % short-chain inulins (Frutafit CLR, Sensus, Roosendaal, The Netherlands), 1 mM glucose and a mixture of 1 % sucrose and 1 % fructose were used as standards in 1 : 50 dilutions.
Purification of oligosaccharides for NMR spectroscopy analysis Samples of 3 ml reaction mixture were applied to GRACE extract clean carbo columns (150 mg/4 ml). Non-carbohydrates and monosaccharides were washed off with 3 ml Milli Q water and 3 ml 4 % acetonitrile. Oligosaccharides were eluted by 2Â0.75 ml and 1Â0.5 ml 40 % acetonitrile. The samples were frozen at À80 C and lyophilized.
Polymer purification
The polymer was isolated from the reaction mixtures by precipitation with 1 vol isopropanol and incubation at À20 C overnight. The precipitated polymer was collected by centrifugation and re-dissolved in Milli Q water. Precipitation was repeated once more. 
NMR spectroscopy analysis
HPSEC-MALLS analysis for the determination of Molecular Weight
The Molecular Weight was determined as described in Meng et al. [39] using polymer concentrations of 0.5 mg ml À1 in DMSO+ LiBr 5 g l À1 .
Accession numbers
The HugO protein is annotated under the accession number EFL36273.1.
RESULTS
Bioinformatics analysis
The phylogenetic position of streptomycetal Ftfs was determined from a phylogenetic tree ( Fig. 1) [40] and signal peptides [26] . A conserved GH68 domain was identified from the alignment coordinates aa47 to aa443, spanning almost the entire length of the protein. Also, a Gram-positive signal peptide for secretion (aa1 to aa30) [26] was identified. The signal peptide contains the amino acid motif R-R-V-V-L, which fits to the R-R-x-F-F-motif for secretion via the twin-arginine translocation (TAT) pathway in Streptomyces [41] . The variable N-terminal domain appears to be relatively short, with about 17 amino acids between the proposed GH68 core domain and the signal peptide. The protein also lacks any C-terminal domain and therefore may not be bound to the cell wall of S. viridochromogenes.
Analysis of the active centre of HugO by sequence alignment with SacB (B. subtilis), InuJ (Lb. johnsonii), Inu (Lb. reuteri 121), SacB Sm (S. mutans), LsdA (G. diazotrophicus) and Lsc1 (Ps. syringae) showed that the À1 binding site with the catalytic triad D86, D247 and E342 (numbering from the SacB of B. subtilis) is largely conserved in all of the analysed fructansucrase enzymes (Table 3) . It has been suggested that the sequence of the +1 site differs between the fructansucrases of Gram-positive and Gram-negative origin [10] . The three +1 site residues R360, K363 and N242 (SacB numbering) are indeed largely conserved in the Gram-positive SacB (B. subtilis), Inu, InuJ and SacB Sm proteins, as observed previously [36] . Analysis of HugO of S. viridochromogenes, however, showed that in its +1 site these conserved residues are more similar to those in Gram-negative fructansucrases, with the histidine H419 and threonine T422 (LsdA numbering) also conserved in HugO ( During these studies, many more ftf genes were annotated in streptomycetal genomes (about 24 at the time of manuscript submission). With two exceptions, all are closely related to HugO (not shown). In view of the phylogenetic position of Ftf proteins of actinobacteria, the high identity to the putative Ftf from the plant pathogen S. scabiei (87 %), and the complete lack of data on the properties of streptomycetal fructansucrases in general, we decided to study the in vivo activity of S. viridochromogenes cultures with sucrose in more detail, and to biochemically characterize its Ftf enzyme and identify the products formed.
In vivo analysis of sucrose consumption by S. viridochromogenes According to the manual, Practical Streptomyces Genetics, most Streptomyces species do not consume sucrose [21] . Consequently, we checked whether cultures of S. viridochromogenes and S. coelicolor M145, which does not have an Ftf gene, use sucrose in vivo. Both strains were grown in Difco nutrient broth (DNB) with and without 300 mM sucrose and sampled regularly; the supernatants were analysed for sucrose utilization and product formation by TLC and HPEAC-PAD. Despite the normal growth of S. coelicolor M145 in DNB medium, both TLC and HPEAC-PAD analysis of its culture supernatants failed to show any detectable changes in sucrose concentration from day 1 to day 14. TLC analysis of the S. viridochromogenes culture supernatants showed that during growth, sucrose was converted into a series of oligosaccharides of different sizes, represented by a ladder of distinct blue colour, indicating that synthesis of fructooligosaccharides (FOS) occurred (Fig. S1 ). This result was confirmed by the HPEAC-PAD-analysis (see Fig. 2 ). Production of FOS with DP >3 was first detected at day 2; the product size gradually developed until DP13 on day 14. Under these conditions the cells clearly also formed polymeric material. Over the course of time the sucrose concentration decreased and glucose accumulated. The fructansucrase reaction also may result in sucrose hydrolysis, and we indeed observed that about 60.8 % (SEM±17.3 n=2) of the converted sucrose was hydrolysed to fructose and glucose (Fig. 2) . When grown in DNB medium, this strain apparently does not use glucose and fructose. As FOS synthesis and glucose release are characteristic of fructansucrase activity, we concluded that S. viridochromogenes expressed a functional Ftf enzyme. In subsequent steps we characterized the single Ftf enzyme encoded in the S. viridochromogenes genome and compared its products with those synthesized in vivo by S. viridochromogenes cultures. Expression and purification of the S. viridochromogenes HugO fructansucrase HugO was initially cloned with a C-terminal His-tag, introduced by PCR into pET3b and expressed in E. coli BL21 (DE3), but no expression was achieved. This may have been due to several rare codons being present at the beginning of the gene. With E. coli Rosetta2 (DE3) as host, low expression of HugO was observed (data not shown). To improve expression, the C-terminally His-tagged full-length gene was subcloned into pET15b, thus also incorporating an Nterminal His-tag. HugO expression in BL21(DE3) was now significantly improved, but it was still rather low and the Ni-NTA-purified HugO enzyme was still highly contaminated. Therefore, we switched to E. coli NiCo21(DE3). In this strain the major contaminants of Ni-NTA purification were tagged with a chitin-binding domain and could be removed with an additional chromatography step. This resulted in sufficiently clean HugO enzyme for further characterization (see SDS-PAGE analysis, Fig. S2 ). With this procedure we achieved protein yields of~14 mg per litre of culture. It should be noted that our E. coli NiCo21(DE3) pET15 HugO glycerol stock lost expression over time, for unknown reasons. Therefore the expression experiments were started with fresh E. coli transformants.
HugO optimal reaction conditions and biochemical properties
The optimal reaction conditions for the HugO of S. viridochromogenes were determined as described in the Methods section by measuring glucose release, representing total activity. The optimal pH for HugO spans a relatively broad range, from pH 5.0 to 7.0 (Fig. S4a) . A relatively substantial amount of activity continues at the pH extremes of pH 4.0 (79.6 %) and pH 9.0 (49.2 %). We chose to continue our experiments at pH 6.0, as this was in the middle of the activity plateau (Fig. S4a) . The reaction conditions were further optimized by testing at different temperatures from 30 to 65 C at pH 6.0. The total activity increased until a plateau was reached from 50-55 C (Fig. S4b) . Beyond 55 C the enzyme lost activity rapidly. To avoid problems with protein inactivation at elevated temperatures, we performed the following experiments at 45 C.
In contrast to the fructansucrases from Lactobacillus and Bacillus species, HugO does not appear to be dependent on CaCl 2 . No significant change in activity could be observed after the pre-incubation of HugO with EDTA, CaCl 2 and a mixture thereof, and the reaction was started by the addition of sucrose (Fig. S4c) . Under these conditions the K m and K cat -values were determined to be 7.3±0.8 mM and 3.5 s À1 , respectively.
S. viridochromogenes grows optimally at 28 C, and the maximal Ftf activity was observed at [50] [51] [52] [53] [54] [55] C. We performed most of the other experiments at 45 C, and determined the specific activity of the purified HugO enzyme preparations at all three temperatures and at pH 6.0 in 100 mM sucrose. The specific total activities varied from 2.6±0. 
Characterization of HugO products from sucrose
The initial characterization of the HugO products after a 18 h reaction at 45 C with 100 mM sucrose was performed by TLC using fructose-and fructan-specific urea staining [38] . We observed an oligosaccharide ladder of distinct blue colour (Fig. 3a) that was very similar to the oligosaccharide pattern observed with supernatant samples of S. viridochromogenes cultures grown in sucrose (Fig. S1 ). This indicates that HugO is indeed responsible for FOS synthesis. TLC analysis did not show much polymer being produced. HPAEC-PAD analysis of the in vitro reaction products and the FOS from the S. viridochromogenes culture supernatants yielded highly similar product profiles, confirming that HugO is the enzyme responsible for FOS production in vivo (Fig. 3b) .
To analyse the fructan polymer produced, the residual reaction (about 40 ml) was precipitated with 2-propanol and the polymeric material was collected. The precipitated polymer was used for structural analysis by NMR spectroscopy and molecular weight determination by HPSEC-MALLS. The polymer size was determined to bẽ 2.5*10 7 Da.
The polysaccharide and oligosaccharide fractions were isolated by precipitation with 2-propanol. The polysaccharide was analysed by 1D 1 H NMR (Fig. 4) , as well as by 2D C chemical shifts could be assigned for the main structural element of the inulin, levan and polymer products ( Table 4 ). The main difference in 1D 1 H NMR was the H-3 signal at d 4.26 that occurred in inulin, but was absent in levan, while the H-3 signal at d 4.18 fit a 6-substituted b-D-Fruf residue and was a minor peak in inulin, indicating the level of (b2-6) linkages.
Further comparison to a short-chain inulin standard showed that the major product peaks of HugO had the same retention times as those from the standard, indicating the production of inulin oligosaccharides by HugO (Fig. 3B) .
DISCUSSION
In this paper we identified and characterized the HugO enzyme of Streptomyces viridochromogenes as a true fructansucrase. HugO product analysis revealed that it is an inulosucrase. The oligosaccharide fraction showed a 1D but not Streptomcyces Ftfs) were analysed and distributed into seven different clades (clades A-G) in a phylogenetic tree [7] . In fact the four major clades in the phylogenetic tree in Fig. 1 can be further differentiated to match clades A-F in [7] (not shown); we did not include the fungal Ftfs of clade G [7] . The evolution of Ftf proteins was discussed in detail by [7] , with the conclusion that all Ftfs have a common ancestor that evolved further by gene duplication and horizontal gene transfer. This hypothesis was further supported by the fact that the Ftf of Leuconostoc mesenteroides (AAT81165.1) is closely related to the Ftf of Pseudomonas chloraphis [7] ( Fig. 1) . Also, the phylogenetic analysis in the present study makes it seem likely that horizontal gene transfer of ftf genes has occurred, from Gram-negative bacteria to Actinobacteria and Streptomyces in particular (Fig. 1) .
The overall architecture of HugO fits well within the framework of the described GH68 enzymes. The size and domain distribution of fructansucrases is rather diverse, but HugO is a good representative of smaller fructansucrases such as SacB from B. subtilis. With 473 aa, SacB Bs has a similar size to HugO, and with 11 aa its N-terminal domain also has a similar size. In comparison, LslA, an inulosucrase from Lc. citreum CW28, has an overall size of 1490 aa, a 40 aa signal peptide and a 259 aa-long N-terminal domain, together with 9 C-terminal SH3-like domains [18] .
Our biochemical characterization of HugO showed a broad optimal pH range of pH 5 to 7, and an optimal temperature of around 50-55 C. This pattern is similar to that for the levansucrase from Actinomyces viscosus, which has an optimal pH in the range 5.5 to 6.5, and shows approximately 40 % continuing activity at pH 4.0 and pH 9.0 [20] . BffA from Arthrobacter sp. K-1 has a pH optimum at 6.5 [47] . InuJ from Lb. johnsonii has a pH optimum at 7.0 and 85 % continuing activity from pH 4.0 to 6.5, while it loses activity drastically above pH 7.5 [36] . Lsc1 from Ps. syringae has an optimal pH range from 5.6 to 6.6, and is inactive at pH 4.0 or pH 8.0 [48] . A temperature curve similar to that in Fig. S3 was also reported for InuJ [36] . BffA from Arthrobacter sp. K-1 also has a temperature optimum of 55 C [47] , and Lsc1 has an optimum around [55] [56] [57] [58] [59] [60] C and also loses activity rapidly above 60 C [48] . The HugO enzyme thus has similar pH and temperature profiles to the other Ftf enzymes characterized.
The activity of HugO is relatively low in comparison to that of the other fructansucrases characterized [44] . This may reflect the different physiological roles of these enzymes, as discussed below. Vel azquez-Hern andez [7] compiled a list of K m values for different fructansucrases. These values ranged from 4 mM for SacB [49] [50] [51] to 160 mM for Lsc1 [48] . The closest phylogenetic relative to HugO is the levansucrase of A. viscosus, with a K m value of 12 mM [20] . The HugO K m value of 7.3 mM therefore matches the published literature. The low K cat of HugO is due to its low total activity.
HugO does not require a metal co-factor, in agreement with our analysis of conserved residues, which found very little conservation of amino acids in the CaCl 2 -binding site (Table 3 ) when compared to the Ftfs from firmicutes like SacB (B. subtilis) or InuJ (Lb. johnsonii). The same has been reported for the levansucrase of A. viscosus [20] , the BffA of Arthrobacter sp. K-1 [47] and the Lsc1 of Ps. syringae [48] .
The MW of the isolated HugO polymer is also within the range of previously reported Ftf-derived inulins and other polysaccharides. The inulin polymer produced by InuJ was reported to be 4*10 7 Da [36] , and the levan produced by Lsc1 was reported to be between 10 6 and 10 7 [48] . Furthermore, the levan produced by the more closely related Ftfs from A. viscosus (10 8 Da) falls within this range [20] . The glucans produced from sucrose by glucansucrases show similar values, e.g. 4.5*10 7 Da and 3.1*10 7 Da for reuteran and EPS180, respectively [52, 53] . Generally, microbial inulins (DP 20-10 000) are also much larger than inulins derived from plants (DP 30-150) [10] .
The in vivo function of HugO has so far remained elusive. Many bacteria use Ftfs to produce an exopolysaccharide (EPS) for biofilm formation to acquire resistance against environmental stresses. However, streptomycetes usually escape from such stresses through the formation of exospores, and slimy material on an agar plate inoculated with streptomycetes cells is generally regarded as a sign of contamination. In view of the sessile life cycle of streptomycetes and the presence of putative GH32 enzymes (degrading fructans) (data not shown), we speculate that the inulin produced is a storage compound that is synthesized in the presence of sucrose and hydrolysed in the absence of other carbon sources. A similar dynamic equilibrium of fructan synthesis and hydrolysis has also been suggested for Actinomyces species during dental plaque/cavity formation [20, 54] . However, over a 14-day cultivation period of S. viridochromogenes with sucrose we only observed FOS and polymer accumulation, making degradation less likely. In addition, the relatively low K m value of HugO suggests a rather high specificity for sucrose. Taken together with the low turnover rate (K cat ), this could mean that the HugO in vivo function is to produce FOS or polymer under lowsucrose conditions; it is a slow enzyme to prevent hydrolysis until a suitable acceptor has been encountered. Streptomycetes are also regular inhabitants of plant rhizospheres, where they show growth-enhancing effects [55] or prevent root infection by pathogens [56] . The exact mechanism by which streptomycetes establish such interactions is currently unclear, but fructans (levans) are supposed to play a role in host colonization for Rhizobacterium and Erwinia species [57, 58] . It should also be considered that a large number of Streptomyces strains are known to interact with plants, but ftf genes are not widespread in the genus Streptomyces (see above). More experimental work on the in vivo function of HugO remains to be performed in future work.
Conclusion
We have cloned and characterized HugO as the first GH68 enzyme from the genus Streptomyces. The predicted architecture of HugO follows the domain structure outlined by van Hijum et al. [10] , but the Ftfs of the genus Streptomyces form a distinct group within the phylogenetic tree of known Ftfs. HugO produces a ladder of FOS and a polymer with predominantly (b2-1) linkages, fitting inulo-oligosaccharides. The polymeric material was structurally characterized as an inulin. We conclude that the actinobacterial HugO enzyme is the first inulosucrase identified and characterized outside firmicutes.
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